The frequency-division duplex (FDD) nodes use two separate frequency bands (separated by a guard band) for transmission and reception, thus enabling the full-duplex (FD) communication. On the other hand, the use of directional FDD nodes in multihop wireless network offers the advantages of larger transmission range, better link reliability, and spatial reuse, resulting in a much higher throughput and superior interference mitigation. However, the multihop FDD communication partitions the nodes in two classes (or genders) wherein the nodes of the same class (or gender) in a neighborhood cannot communicate with each other. This can seriously impact the availability of neighboring nodes for communication, and lead to disconnected nodes (or regions) in the network. In this paper, an algorithm is presented to assign the appropriate genders to these nodes in a multi-hop network such that each node is able to communicate with its multiple 1-hop neighbors, located in different directions. Our simulation results demonstrate that approximately half of the neighbors of each node are of the opposite gender and they are distributed in different directions, thus enabling robust, multipath, and high throughput communication in the network.
Introduction
Multihop wireless networks are commonly used for the range extension and throughput improvement in ad hoc and peer-to-peer networks, with applications in sensor networks and emergency/disaster communication. Recently, the multihop communication (in the form of relaying) is also being used in wide-area cellular systems [1] [2] [3] . The multihop transmission can use time division duplex (TDD) or frequency division duplex (FDD) modes, both having their pros and cons. FDD uses two distinct frequency channels for transmitting and receiving the packets at the same time, while TDD operates on only one frequency channel where the transmission and reception of the packet(s) is interleaved in time. Since FDD does not need a guard time interval to separate the transmission from the reception, it is more efficient in wide area scenarios with long transmission links which introduce non-negligible signal propagation delays [4] . The fullduplex and/or half-duplex FDD modes have been proposed for the mobile radio systems like 3GPP LTE [3] , GSM/GPRS [5] , UMTS [6] , WiMAX [7] . Recently, the FDD has also been proposed for 5G networks [8] .
In an FDD system, the available frequency band (F) is divided in two distinct bands (F1 and F2), with a guard band to separate them. The presence of guard band can allow a node to cancel the self-interference by sufficiently attenuating the received side-band power from its own transmission by using RF duplex filter. The node can therefore transmit the data on F1 and receive on F2 at the same time, leading to the full-duplex communication. In FDD, the F1 as well as F2 frequency bands can be grouped into blocks of contiguous channels. The available spectrum can thus be allocated to support the multiple users simultaneously on different bands. Since the transmissions on F1 and F2 bands in FDD systems are generally continuous, the receiver can feedback the most recent channel information to the transmitter. Thus, the delay is reduced for the channel information feedback, medium access control, and retransmission, which can enhance the system throughput [4] .
Use of Directional Communication:
The increasing use of high resolution multimedia applications by a rapidly increasing number of mobile users is making the wireless resources scarce. The proliferation of 5G devices would further aggravate this problem. As a result, the designers are considering the use of above 6 GHz frequency bands (e.g., 12-18 GHz, 28 GHz, 60 GHz and 72-73 GHz bands), as larger RF spectrum bandwidth is available at these frequencies. However, the attenuation experienced by the signals (i.e., the path losses caused by the atmospheric path loss) is much higher at higher frequencies. So higher frequency links require more power. Use of directional antennas can be very helpful in realizing high data rate links as they increase the transmission range, besides offering spatial reuse [9, 10] . The directional antennas are also more resistant to the interference as any unwanted signal which is not in the direction of the antenna beam has little impact on the node. Moreover, the use of multiple beam directional antennas (MBDA) in a wireless node allows the simultaneous transmission or reception on different beams using the same channel. As a result, the system capacity can be enhanced considerably. Fortunately, the size of these antennas also becomes more manageable at higher frequency bands.
In this paper, we consider a multihop wireless network consisting of the FDD nodes equipped with MBDA, which are operating in full-duplex mode. However, this partitions the nodes available in the network in two classes (or genders) as described below. If node A uses F1 for signal transmission and F2 for reception (we denote it as the male node), it can establish a link to communicate with another node B only if the latter receives the signal at F1 and transmits at F2 (we denote it as the female node). Node A cannot communicate with another node of the same gender (i.e., male node) that also transmits at F1 and receives at F2 (see Fig. 1 ). This requires that the frequency bands F1 and F2 in FDD nodes be chosen carefully for the transmission and reception such that a node could effectively use its multiple beams to establish links with its multiple 1hop neighbors, in order to simultaneously communicate with them. We call this problem as the gender assignment of the node.
When multiple nodes are available in a 1-hop neighborhood of a given node, the gender should be assigned such that this node can establish communication links with multiple neighboring nodes spread in different directions. This can help in establishing the routes which pass through the nodes in different parts of the network while avoiding the congested network nodes and regions. In fact, the gender should be assigned such that each node can establish links with approximately half of its 1-hop neighbors in different directions. This strategy allows almost all the nodes in the graph to have communication links with nearly half of their 1-hop neighbors.
Proposed Distributed Gender Assignment Algorithm
We consider solving the gender assignment problem as a simple undirected graph coloring problem. Recall that a simple undirected graph G = (V, E) consists of a set of vertices V and a set of edges E. Each edge e ∈ E connects two vertices u, v ∈ V . This edge is thus represented as e = {u, v}. For two vertices u, v ∈ V , u is called a neighbor of v if u and v are joined by an edge e (i.e., {u, v} ∈ E). Throughout this paper, we use graph to mean simple undirected graph for short.
We can create a representative graph of the wireless network as follows: Each wireless node is represented as a vertex in the graph. Two vertices are joined if the corresponding nodes are within a specified distance d of each other (i.e., within a 1-hop distance). Since the nodes are assigned any one of two genders (i.e. male or female), the connections can be viewed as a bipartite graph. Recall that in a bipartite graph (V, E), the set of vertices V consists of two disjoint groups V 1 and V 2 , in the sense that each edge in E only connects a vertex in V 1 to another vertex in V 2 [11] . In the representative wireless graph, the nodes of each gender fall into a group. Then the connections between the nodes that can communicate with each other form a bipartite graph. It should also be noted that we want each node to connect to approximately half of its 1-hop neighbors.
Based on these observations, we now formulate our problem as follows. Let the representative graph of the wireless nodes be G = (V, E). Assume genders are assigned (two colors) to the vertices. Therefore for each vertex v, its neighbors are either of opposite or the same gender. We denote N B (v) to be all the neighbors of different gender from v, and N C (v) to be all the neighbors of the same gender as v. Our goal is to solve the following optimization problem: determining a gender assignment such that
where |A| denotes number of elements in the set A). This will satisfy the requirement that each node has approximately equal number of neighbors from each gender.
Although this problem seems to be similar to extracting the maximal (in the sense that the number of vertices is maximized) bipartite subgraph from some graph, it has certain additional interesting aspects as discussed below. The problem of finding the maximal bipartite subgraph is NP-complete. Here our problem is different and more complicated, because our target is not finding the "largest" subgraph, but rather an almost equal division between the 1-hop neighbors of each node. Moreover, because the wireless connections of all the nodes may not be known globally, we have to do this assignment using local information, one vertex at a time.
We present our heuristic distributed gender assignment algorithm below which attempts to maintain a balance between the number of male (M) and female (F) nodes in each 1-hop neighborhood. Also note that the placement of the male and female nodes in the 1-hop neighborhood of any node, in terms of the direction from this node, should be almost evenly distributed. The advantage of our algorithm is that it "locally optimizes the solution", i.e., it makes sure that each node has almost equal number of neighbors with different genders in its 1-hop neighborhood.
Before presenting the pseudocodes of our algorithm, we make some notation conventions. For each node v, g(v) denotes its gender assignment (1 = M and 0 = F). Then we note that 1 − g(v) is the opposite gender assignment to v's. We also denote deg G (v) to be the number of 1-hop neighbors of v in the graph G.
the set of vertices in V having the largest number of neighbors in G (V is not necessarily the set of vertices of G). As a main result, the pseudocodes of our heuristic distributed gender assignment algorithm is given below: if
; 26: end for 27:
Step 5: General Gender Assignment in 1-hop Neighborhood (Phase 2). 28: for k in {1, . . . , q}, do:
29:
if v k disconnects other 1-hop neighbors of v , do: g(v k ) ← 1 − g(v ); 30: end for 31:
Step 6: Run Steps 3-5 with updated G until all the nodes are assigned genders. 32: OUTPUT: Graph G with gender-assigned nodes.
The following example uses a connected graph with 16 nodes. We assume that the 1-hop neighbors of a node are known. The algorithm iteratively selects a seed node in each step, and assigns the gender to the seed node and its 1-hop neighboring nodes. The 1-hop neighbors of a node are shown connected with the node by a solid or broken link in the graphs in our examples.
First Seed Node Selection:
The first seed node is selected from a group of nodes consisting of a randomly selected starting node and its 1-hop neighbors, as described below. The number of 1-hop neighbors (whose gender has not yet been assigned) of each node from the above group, is recorded and the node with the maximum number of unassigned 1-hop neighbors is selected as the first seed node. If more than one node has the maximum number of unassigned 1-hop neighbors, one of them is randomly selected as the first node. This seed node is assigned the "male" gender. For example in Fig. 2a , node 5 is selected as the starting node. It has four 1-hop neighbors (9, 10, 15, 14) . Among these five nodes, node 15 is selected as the first seed and assigned the male gender, because it the maximum number of seven unassigned 1-hop neighbors.
Gender Assignment in 1-hop Neighborhood of the First Seed:
Gender of the 1-hop nodes of first seed is assigned in an alternating order (e.g., M followed by F, or F followed by M) in the clockwise direction, starting from the node in the North direction, such that all the nodes in 1-hop neighborhood are equally (or nearly equally) divided in two genders. The first 1-hop node is assigned a gender opposite of the seed node. Two consecutive nodes in the clockwise order are assigned opposite genders. Note that our algorithm will work equally well if we select the anti-clockwise order and chose a node starting in a direction other than the North, as long as the same convention is followed. In Fig. 2a , Node 15 is the first seed node and its 1-hop neighbors in the clockwise order starting from North are 3, 1, 4, 14, 5, 10 and 7. The gender to first node (node 3) is assigned as F (which is opposite of seed node) and the remaining nodes are assigned gender in an alternating order in the clockwise direction. The result of this assignment is shown in Fig. 2a .
Next Seed Selection:
The next seed is selected from the list of all the assigned nodes in the graph.
The node which has the maximum number of the unassigned nodes in its 1-hop neighborhood is the candidate seed node. If more than one such nodes exist, the seed is randomly selected from the list of candidate seed nodes. In Fig. 2a , node 3 is selected as the next seed (after seed 15) since it has the maximum number of four unassigned neighbors with nodes [12, 2, 6, 11].
General Gender Assignment in 1-hop Neighborhood (Phase 1):
A gender to each unassigned 1-hop neighbor node of the current seed is assigned in the clockwise order, by considering the following two criteria: (i) The difference in the number of male and female nodes in the 1-hop neighborhood of the seed should not exceed a threshold (we use a threshold of 2 here), and (ii) The difference in the number of already-assigned male and female nodes in its 1-hop neighborhood, including the gender of the current node is minimized. For example, in Fig. 2a , node 3 is the seed with nodes [12, 2, 6, 11] as its unassigned 1-hop neighbors in the clockwise order. For deciding the gender of the first node 12, we first check the difference between the male and female nodes in the 1-hop neighborhood of seed node 3, which is one. In the 1-hop neighborhood of node 12, the nodes 3 and 7 are female and nodes 1 is the only male. Therefore, its gender is assigned as male which satisfies both the above criteria. For the next node 2, again we first check the difference between the male and female nodes in the 1-hop neighborhood of seed node 3 which in this case is three; so node 2 is assigned the female gender to minimize the difference between the male and female nodes in the neighborhood of seed node based on criteria (i). Exception: If there are equal number of already-assigned male and female nodes in the 1-hop neighborhood of a given node, its gender is assigned as the opposite gender of the current seed.
General Gender Assignment in 1-hop Neighborhood (Phase 2):
After assigning gender to all the 1-hop neighbors of the current seed node in Phase 1, the connectivity of each of these nodes is checked. If any node is left unconnected, its gender is changed to the opposite gender of the current seed. For example, the node 9 in the neighborhood of seed node 5 in Fig. 2b is left unconnected in Phase 1. Therefore, its gender will change to male, which is opposite gender of seed. Thus, node 9 will have one link available for communicating with its one hop neighbor (node 5). 6. The next seed is selected as discussed in Step 3 and gender assignment performed in its 1-hop neighborhood until all the nodes are assigned a gender. 
Performance Evaluation
In this section, performance of the proposed gender assignment algorithm is evaluated for two different graphs. The first example is a random graph with 16 nodes (Fig. 2b ) and the second example is a 5 × 5 grid graph. The results are average for 1000 runs with different starting nodes. The 1-hop neighbors of a node are determined such that their Euclidean distance from the node is below a threshold. A histogram representing the frequency of occurrence of the number of 1-hop neighbors for each node in the random graph of 16 nodes (before gender assignment) is shown in Fig. 3a . For example, an average of 12 % of nodes have 4 nodes in their 1-hop neighborhood (before gender assignment). A node can communicate with other nodes of opposite gender in its 1-hop neighborhood. We call these nodes as the "connected 1-hop neighbors". Figure 3b shows the histogram representing the frequency of occurrence of the connected 1-hop neighbors for each node in the graph, after the gender assignment. We observe that more than 90% nodes have at least 2 connected 1-hop neighbors, and about 85% nodes have 3 or more connected 1-hop neighbors. Figure 4a shows the number of male and female nodes in the 1-hop neighborhood of each node of the graph. We observe that the 1-hop neighbors of a node are almost equally divided among the male and female genders for all the 16 nodes of the graph. A histogram of the difference between the number of male and female nodes in 1-hop neighborhood of each node of the graph is shown in Fig. 4b . This plot further verifies that the maximum difference between the number of male and female nodes is less than 2.2 in 1-hop neighborhood of each node. A sample of the gender assignment output for a 5 × 5 grid graph is shown in Fig. 5a . Before the gender assignment in this graph, nine nodes had eight 1hop neighbors each, 12 edge nodes had five 1-hop neighbors each, and the four corner nodes had 3 neighbors each. After the gender assignment (see Fig. 5b ), we observe that all nodes have at least two connected 1-hop neighbor, and 80% nodes have three or more connected 1-hop neighbors. Figure 6a shows that the 1-hop neighbors of every node are almost equally divided among the male and female genders. Figure 6b shows that the maximum difference between the number of male and female nodes in the 1-hop neighborhood of each node of the graph is less than 2.3. Fig. 2b, (b) for the grid graph in Fig. 5a . The results are average of 1000 runs.
Average distribution of nodes in different directions for both graphs is illustrated in Fig. 7 . We have used six sectors of 60 • each in these plots, which cover all the directions. We observe that our gender assignment algorithm assigns nearly half the 1-hop nodes to opposite gender in each sector. The Y-axis of these plots shows fractional number because we have taken an average for all the seeds over 1000 runs.
Our algorithm thus assigns equal (or nearly equal) number of colors (genders) in every neighborhood for both graphs. After the gender assignment, there isn't any unconnected node in either graph and each node can communicate with approximately half of its neighbors in different directions.
Conclusion and Future Work
We considered a multihop wireless network consisting of the directional FDD nodes equipped with MBDA, operating in full-duplex mode. Such networks offer the advantages of higher throughput, better link reliability, and superior interference mitigation. However, the multihop FD-FDD communication partitions the nodes in two classes (or genders) wherein the nodes of the same class (or gender) cannot communicate with each other. This can seriously impact the communication between neighboring nodes. Therefore, the gender (or frequency channel) of these nodes should be selected such that each node is able to simultaneously communicate with its multiple 1-hop neighbors, located in different directions.
A heuristic, distributed gender assignment algorithm was presented to assign the appropriate gender to these directional, FD-FDD nodes in a multi-hop network. Our simulation results demonstrated that our algorithm successfully assigned the gender to all the nodes in the network, such that each node could establish communication links with approximately half of its 1-hop neighbors in different directions. This arrangement can also help in establishing the robust and multi-path routes which pass through nodes in different parts of the network while avoiding the congested network nodes and regions. To the best of our knowledge, this is the first algorithm to extract a balanced bipartite graph, where the neighbors of the bipartite graph is roughly equal to the remaining neighbors in the graph. In addition to being an interesting and complex problem, this problem is solved using only local node information, and not the global knowledge of the network.
